The role of myocardial anisotropy in determining change in left ventricular shape during diastolic filling has not yet been demonstrated. Therefore, 11 conscious dogs were instrumented with global ultrasonic dimension transducers to measure left ventricular major and minor axis diameters and equatorial wall thickness. Myocardial geometry was represented as a threedimensional ellipsoidal shell. Left ventricular transmural pressure was measured with micromanometers, and ventricular volume was varied by inflation of vena caval occluders. Left ventricular wall strains and stresses calculated from the ellipsoidal shell model agreed closely with those measured directly by myocardial force and dimension transducers. Unequal normalized diastolic stress-strain relations were observed in the latitudinal, longitudinal, and wall thickness directions, reflecting anisotropic mechanical properties of the myocardium. Although a greater wall stress in the latitudinal versus longitudinal axis was predicted adequately from left ventricular geometry alone, the observed latitudinal strain exceeded longitudinal strain by an amount greater than was predicted by geometric considerations alone, suggesting that myocardial anisotropy contributes significantly to changes in ventricular shape during diastolic filling. (Circulation Research 1991;69:765-778) T he diastolic compliance of the left ventricle is a major determinant of end-diastolic myocardial fiber length and profoundly influences overall cardiac function. To quantify diastolic compliance, most authors have related static measurements of diastolic pressure to the corresponding chamber volume or dimensions.1-4 Nonetheless, numerical comparison between hearts of different chamber size and geometry requires normalization of wall forces and deformation in terms of stress and strain using mechanical models that assume that the left ventricle exhibits isotropic mechanical properties in all directions.5-7 The presence of significant anisotropy would make it difficult to assess myocardial compliance from chamber volume alone and would rather support the use of diastolic stress-strain analysis, which takes directional differences into account.8 Unfortunately, anisotropy of the left ventricular myocardium has been poorly documented, and the effects of anisotropy on left ventricular diastolic filling are From the
unknown. The purpose of this study was to quantify the diastolic anisotropic properties of the left ventricular wall in a conscious dog preparation and to understand how such properties might influence geometric changes during diastolic filling.
Materials and Methods

Evaluation of Myocardial Stress-Strain Relations
With dogs under general anesthesia (sodium thiamylal, 25 mg/kg), global ultrasonic dimension transducers (8 mm diameter) were surgically implanted on the left ventricle of 11 dogs to measure major and minor axis diameters and equatorial wall thickness ( Figure 1A ). Pneumatic occluders were positioned around both venae cavae, and silicone rubber tubes were placed in the pleural space and left atrium for passage of micromanometers. The azygous vein was ligated, and the pericardium was left widely open. After the dimension transducer connectors and silicone tubes were exteriorized dorsal to the incision, the thoracotomy was repaired.
After 7-10 days of postoperative recovery, each dog was studied in the conscious state, resting quietly on its right side. Matched micromanometers (PC-350, Millar Instruments, Houston, Tex.) were passed through the implanted left atrial and pleural tubes into the midleft ventricle and pleural space, respectively. The micromanometers were prewarmed to 38°C, zeroed to atmospheric pressure, balanced against a water column equivalent to 200 mm Hg, and then coupled to pressure amplifiers (model 8805 -C, Hewlett-Packard, Palo Alto, Calif.). The resonant frequency of these transducers was [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] kHz, and the zero drift of transducers during each study did not exceed 0.5 mm Hg. The dimension transducers were connected directly to a sonomicrometer with a sampling rate of 1 kHz and a resolution of approximately 0.05 mm. Analog measurements of global or regional minor and major axis diameters, equatorial wall thickness, left ventricular intracavitary pressure, and intrapleural pressure were recorded on magnetic tape (model A, A.R. Vetter Co., Rebersburg, Pa.) for subsequent digital analysis. Data were obtained during a control period and then during several transient vena caval occlusions that were held until stable maximal changes in measured ventricular dimensions were observed and left ventricular diastolic transmural pressure decreased to 0 mm Hg. The maximal duration of vena caval occlusion was 30 seconds.
The taped analog data were digitally sampled at 200 Hz and analyzed by a digital computer system. Left ventricular geometry was represented as a threedimensional prolate ellipsoidal shell from which the dynamic internal volume of the defined shell (V) was calculated from the formula4 V=('rr6)(b-2h)2(a-1.lh) (1) where b is the external minor axis diameter, h is the equatorial wall thickness, and a is the external major axis diameter.
The instantaneous midwall equatorial latitudinal (0) and longitudinal (0) circumference (1) of the assumed ellipsoid were calculated from
and was evaluated as an elliptical function E(K) between 0 and !r/2 according to (7a) ra is the major axis midwall radius ra=a-h/2 (7b) and h is the equatorial wall thickness.
In each dog, the dynamic midwall eccentricity (e) was calculated from e=[(a-0.55h)2-(b-h)211/2/(a-0.55h) (8) Eccentricity is a dimensionless expression relating the relative degree of deviation of a geometric figure from a circle, where a circle has an eccentricity of 0 and a straight line has an eccentricity of 1. The relation between eccentricity (e) and chamber volume (V) was determined for the left ventricle in each dog during the diastatic phase of diastole over the physiological range of volumes.
The instantaneous midwall minor (1) and major (1,) axis circumferences of the assumed ellipsoid were calculated, and the midwall circumferential stresses (ar) and strains (E) in the three characteristic directions of the assumed ellipsoidal model were computed. The minor axis direction was termed latitudinal (0), the major axis direction was termed longitudinal (4), and the wall thickness direction was termed wall thickness (h). This nomenclature was merely descriptive and has been used previously.10 The static elastic characteristics of the myocardium in the three directions were determined from vena caval occlusion data. Diastatic data were selected automatically by the computer program for successive diastoles during vena caval occlusions using Id E/dtl<0.05 sec-' (9) as described previously.1' Diastatic stress-strain data in each of the directions were fitted to U.=a(ep6-1)
where a and P3 are nonlinear elastic coefficients describing the fitted curve. 12, 13 The computed static elastic coefficients a and 13 from all dogs were used to characterize each of the three principal directions of the assumed ellipsoidal shell. Variability among experiments in the coefficient a was stabilized by logarithmic transformation so that comparisons were made in terms of ln a and 1. The coefficients ln a and 13 from all experiments for each direction were compared statistically with the paired-sample Hotelling's T2 test, the multivariate analogue of Student's t test for paired data.14 Graphic representation of the data in terms of the parameters ln a and 13 was achieved by computing 95% concentration ellipses for each of the three directions: latitudinal, longitudinal, and wall thickness. Statistically, these concen-tration ellipses represent the regions within which 95% of the parameter values were expected to lie. Confidence ellipses for the means of (ln a, 13) also were determined for each of the three directions. See "Appendix" for the method of determination. The confidence ellipses facilitated a graphic comparison of the statistical significance of differences among the coefficients for the three directions. Student's t test for paired data was used to compare end-diastolic volume and eccentricity data at control and maximal vena caval occlusion.
Validation of Myocardial Strain Calculations
The geometric model to predict regional myocardial deformation was validated by comparing the regional midwall strain in the minor and major axis directions measured in seven additional dogs with the latitudinal and longitudinal circumferential strains calculated from the global model in the 11 previous dogs. With dogs under general anesthesia (sodium thiamylal, 25 mg/kg), miniature ultrasonic dimension transducers (2.5 mm diameter) were surgically implanted 1.5 cm apart in the anterior wall of the left ventricle to measure midwall regional myocardial dimensions in the direction of the minor and major axis diameters and equatorial wall thickness ( Figure  1B ). The orientation of the three sets of transducers defined a reference cuboidal region of equatorial left ventricular myocardium. The rest of the implantation was similar to that of other dogs.
Dogs were studied in the conscious state 7-10 days after implantation. Equatorial wall thickness and major and minor axis segment lengths were recorded during vena caval occlusions. Natural strain definitions were used for the measured regional dimensions according to Ea=ln(ai/ao)
where ai and bi are the instantaneous regional dimension measurements at 0 mm Hg diastolic transmural pressure determined during maximal vena caval occlusion. Wall thickness strain (Eh) was calculated as in Equation Sc.
Validation of Myocardial Stress Calculations
In six additional dogs, the ability of the geometric model to predict equatorial midwall circumferential stresses in the latitudinal and longitudinal directions was determined by comparing the measured midwall forces with the stresses estimated by the model. Dogs were anesthetized (sodium thiamylal, 25 mg/kg), ventilated, and studied acutely in the open-chest state with the heart suspended in a pericardial cradle. Global ultrasonic dimension transducers measured major and minor axis diameters and equatorial wall thickness. An auxotonic force transducer was installed on the equatorial surface of the left ventricle at midwall depth during zero diastolic load con- Representative analog recordings of measured physiological data from one conscious dog in the control state (fast paper speed) and during a transient vena caval occlusion (slow paper speed). Transmural left ventricular pressure was obtained by analog subtraction of pleural pressure from cavitary pressure.
1. 0 sec ditions (0 mm Hg) produced by maximal vena caval occlusion and oriented to measure midwall latitudinal circumferential wall force ( Figure 1C ). The force transducer was coupled to a carrier amplifier (model 8805-B, Hewlett-Packard). The static output of the transducer was linear over the range of 0-400 g, and the dynamic undamped natural frequency was 30 Hz. The performance characteristics of this transducer have been described previously.11,15 Analog left ventricular dimension, cavitary pressure, and latitudinal circumferential force data were obtained and recorded during a control period and then during several transient vena caval occlusions. The auxotonic force transducer then was installed on the equatorial surface of the left ventricle and oriented to measure midwall longitudinal circumferential wall force while similar data were obtained and recorded. Figure 2 shows typical analog data obtained in 11 conscious dogs during the control state and during a vena caval occlusion. During vena caval occlusion, both ventricular diameters progressively decreased, whereas wall thickness increased until a stable minimal chamber volume was reached. At the same time, left ventricular transmural pressure progressively decreased to 0 mm Hg. While the end-diastolic chamber volume decreased by 42.3 + 9.9 ml (p < 0.01) from control conditions (Vc) to maximal vena caval occlusion (V0), midwall chamber eccentricity increased by 15 .1±7.8% (p<0.01), suggesting a more elliptical diastolic shape change at lower volumes (Table 1 presents individual and mean data). Figure 3 illustrates the diastatic relation between left ventricular volume and midwall eccentricity over the entire physiological range of ventricular volumes during vena caval occlusion.
Results
Evaluation of Myocardial Stress-Strain Relations
When each diastolic dimension was normalized as a natural strain from the unstressed length (lo and ho) according to Equations 5a-5c, linear relations were observed between the diastatic strains in each of the three directions ( Figure 4 ). Longitudinal strain was considerably less than latitudinal strain in all dogs at any given ventricular volume, whereas strains in the wall thickness and latitudinal directions were more nearly similar. Linear relations also were observed between the diastatic wall stresses in each of the three directions ( Figure 5 ); however, wall thickness stress was less than latitudinal stress at any given transmural diastolic pressure, and longitudinal stress averaged approximately 62% of latitudinal stress. When the diastatic exponential stress-strain relation derived from Equation 10 for each of the three directions was examined, the wall thickness curve was more compliant than the latitudinal curve, and the longitudinal curve was less compliant ( Figure 6 ). Table 2 shows the raw coefficients,' a and /3, for the exponential stress-strain relation. Ninety-five percent concentration ellipses of the coefficients ln a and /3 for each of the directions in all experiments are illustrated in Figure 7A and indicate the upper limits of the region within which 95% of the observed data would be predicted to occur based on the sampling variability and covariance of ln a and ,3. As indicated by the individually derived parameters (filled symbols), the data for each direction were clustered into easily identifiable groups with minimal overlap; however, the significance of statistical difference could not be based on the concentration ellipses alone and required the construction of 95% confidence ellipses for the true mean of the parameters (In a, ,B) in the population of animals sampled ( Figure 7B ). For each direction, these elliptical curves delineate the region wherein there is 95% confidence that the actual mean of (ln a, ,3) will lie, based on the sampling variability and the covariance of In a and ,B. If the measurements in the three directions were statistically independent, then the nonoverlapping of the confidence regions in Figure 7B dog), the graphic assessment of statistical significance was made through confidence regions for the mean difference in (ln a, /8) between any two directions.
The regions shown in Figure 7C demonstrate nonoverlap with the origin and graphically indicated that differences between the directions were significant at the level of p<O.05 by the paired-sample
Hotelling's TP test.
The relative roles of anisotropy and geometry in determining relative wall stresses in each of the three orthogonal directions (0, /, h) were assessed by substituting mean left ventricular dimensions from Table 1 into Equations 6a, 6b, and 6c. Making no during the same vena caval occlusion as Figure 3 . Stress is represented as dyne x lO3/cm2. from left ventricular geometry alone, with little contribution from myocardial isotropy.
To examine the roles of anisotropy and geometry in determining left ventricular wall strain, Equation 10 can be modified as e=l/3 ln(1 +o-/a) (14) Orthogonal wall stresses can be calculated using Equations 6a, 6b, and 6c with mean left ventricular dimensions from Table 1 and an end-diastolic pressure of 10 mm Hg. If isotropy is assumed with ao=ao=ah=l1.02x10 dyne/cm2 ( that were actually obtained and are shown in Figure   5 . Thus, the relative differences in wall stress in each of the three orthogonal directions appeared to result ). The inability of geometry and assumed isotropy to account for the observed wall strains suggested that, unlike wall stress, the relative differences in wall strain in each of the three orthogonal directions resulted from both left ventricular geometry and myocardial anisotropy. Validation of Myocardial Strain Calculations Figure 8 shows typical analog data obtained during the control state for seven conscious dogs implanted to measure left ventricular strain directly. During vena caval occlusions, midwall regional segment lengths progressively decreased and wall thickness increased until a stable minimal chamber volume was reached (similar to the 11 previous dogs in Figure 2 ). Throughout each vena caval occlusion, the calculated segmental cuboidal volume remained relatively constant to within 5%, consistent with preservation of myocardial mass. Left ventricular transmural pressure progressively decreased to 0 mm Hg during maximal vena caval occlusion. Table 3 presents individual and mean data for all seven dogs. When the regression coefficients of the mean midwall diastatic circumferential strains calculated from the global model of the 11 previous dogs p3 were compared with the midwall segmental strains of the regional model from the seven additional dogs, there were no significant differences (Figures 9A and 9B), indicating adequacy of the global model to predict regional midwall equatorial strains or deformations. For comparison, refer to the three directional strain deformations for the global and regional models in Tables 1 and 3 , respectively.
Validation of Myocardial Stress Calculations
The calculated equatorial midwall latitudinal and longitudinal stresses from six additional open-chest dogs were similar to the measured regional stress in the same dogs, as indicated by the representative digital readings in Figure 10 . Figure 11 graphically depicts the correlation between calculated and measured wall stress Table 4 presents the regression coefficients for these comparisons. The correlation between calculated and measured stress was much better when data over the entire cardiac cycle were examined rather than diastatic data alone.
Discussion
By application of engineering principles and techniques to model left ventricular function, a more quantitative characterization of myocardial mechanical properties has been made possible. Because ventricular transmural pressure acts as a force directed in the vector perpendicular to the chamber wall, normalization of this pressure by taking chamber geometry into account yields tensile stress, or a distribution of that force per unit area in the circumferential directions. In 1839, Laplace16 first theorized that the tensile stress within any shell is a function of its distending pressure, the radii of curvature, and the mural thickness by the generalized relation FIGURE 8 . Representative analog recordings of measured physiological data in the conscious state from one additional study. P/h=-ro/rb+ cro/ra (17) Woods17 first applied this theorem to calculate wall tension in cardiac ventricles. Recent verification of these relations by several investigators9'15,'8 has resulted in wide acceptance of ellipsoidal geometry as a valid approximation of actual left ventricular shape from which wall stresses can be calculated. Application of Laplace's law in the present study resulted in the derivation of approximate mean equatorial midwall circumferential stresses in the latitudinal and longitudinal directions.
Previous validation of the ellipsoidal shell model showed that calculated midwall latitudinal stress correlated well with directly measured latitudinal stress.1518 Calculated longitudinal stress was approximately 62% of latitudinal stress in the present study and was similar to the directly measured longitudinal stress reported by Burns and coworkers.'8 Wall thickness stress was calculated as 50% of transmural pressure. Although this assumption may not be entirely valid because of nonlinear distribution of stress across the wall, the degree of nonlinearity is small even with thick-walled stress theories,8 and error . Panel A: Comparison between midwall latitudinal circumferential strain deformations ofpooled data from 11 studies (global model) and the midwall latitudinal regional strain deformations of pooled data from seven additional studies (regional model). Data are represented as mean ±SD for each group; there was no significant difference between the two groups. See text for explanation. Panel B: Comparison between midwall longitudinal circumferential strain deformations of the pooled data from 11 studies and midwall longitudinal regional strain deformations of the pooled data from seven studies. Data are represented as mean ±SD for each group; there was no significant difference between the two groups. See text for explanation.
introduced by the present method would be less than 10%. This amount of error would not have affected the results of this study significantly. A disadvantage of the current model or any simpler geometric model is that the models require certain assumptions about cardiac shape for one to draw conclusions about deformation changes. One such assumption is that the principal directions of left ventricular deformation are orthogonally related to the directions of the major (longitudinal), minor (latitudinal), and wall thickness (radial) axes. Although it may be difficult to validate these assumptions, chamber volume data obtained from Equation 1 by this technique correlated well with those obtained by two other independent methods, namely, intraventricular balloon and electromagnetic determination of ascending aortic blood flow.4,10 Additionally, the simple model used in the current studies predicted directly measured midwall equatorial longitudinal and latitudinal strain deformations and myocardial stresses of the left ventricle as demon-strated by the additional validation studies. Equatorial midwall shear and bending stresses in the latitudinal and longitudinal directions are relatively small and probably have minimal effect on the mean midwall equatorial calculations in the present study. 19-2' The major and minor axis diameters measured in the current studies, on which assumptions about left ventricular shape were based, corresponded closely to the principal axes (directions) of deformation derived from the eigenvector analysis of left ventricular geometry in an intact dog preparation by Walley et al. 22 In their study, an objective description of left ventricular deformation was provided without any assumptions about ventricular geometry being made. Using the theoretical framework of kinematics from which finite element analysis is based,23 the authors recorded the three-dimensional position of tantalum screws placed in the left ventricular endocardium with biplane cineangiograms. This analysis yielded three principal directions of left ventricular deformation that were aligned essentially along the base-apex major axis and the two anterior-posterior and septalfree wall minor axis directions. The deformations in these principal axes were similar in magnitude and direction to the minor and major axis deformations observed in the present studies.
Although the septal-free wall minor axis diameter was not measured in the current studies, this dimension is closely similar to anterior-posterior minor axis changes under normal loading conditions. Elevation of right ventricular filling pressures shifts the interventricular septum leftward, dictating left ventricular diastolic and systolic geometry and thus affecting the regional distribution of myocardial stress-strain relations. 24 In normal hearts, and particularly under conditions of vena caval occlusion, however, right ventricular filling and developed pressures are low, and right ventricular contributions to ventricular interactions are minimal. Under these circumstances, left ventricular minor axis circumferential shortening and filling seemed to be relatively uniform and concentric, thus supporting use of the current model.
More complex methods that use finite element analysis have been applied to deformational analysis of the right and left ventricles22,23,25-29 and potentially may provide a means of assessing regional stress-strain characteristics without the need to resort to a geometric model. In one such study, Waldman and coworkers28 examined regional transmural deformation in five anesthetized dogs by implanting closely spaced columns of lead beads into the anterior wall of the left ventricle 50-70% of the distance from the base to the apex. They found variation in the direction of shortening across the wall, with deformation increasing with depth beneath the epicardium. This finding possibly indicates the presence of more regional myocardial anisotropy than was predicted by the present simple geometric models of the left ventricle. Current technology, however, limits the application of finite element analysis to indirect cineangiographic assessment of ventricular dimen- sions, which sacrifices resolution and fidelity. This is illustrated by the fact that Waldman et a128 rejected data from six preliminary studies because of inadequate image resolution of marker placement. Until faster and better methods of accurate three-dimensional reconstruction of the heart are available and until more data on the multiaxial constitutive properties of the myocardium are obtained as suggested by Yin,30 the method of finite element analysis cannot be used to its fullest capabilities. Furthermore, these methods have not been validated in an intact animal preparation. 15, 27, 30 Viscous properties of the myocardium are unlikely to have affected the results of the current study. During the diastatic phase of diastole, the pressurevolume relation of the left ventricle was quite static, with minimal change occurring in chamber pressure or dimensions. Consequently, the normalized stresses and strains in each of the three directions were uniformly static. The effect was to minimize the contribution of the slower, rate-dependent viscous properties that may be responsible for upward deviation from the static stress-strain curve during rapid ventricular filling and atrial systole.6,31 The strain rate defined by Equation 9 minimized the effects of viscous drag, and the deformational changes were primarily the result of the passive elastic properties of the myocardium. These static elastic properties remained relatively stable during serial determinations on the same or subsequent days and were minimally changed by hemodynamic alterations.4031
The validation studies performed in two groups of dogs indicate that the current global model, though simple, is sufficiently accurate in estimating the directly measured regional midwall equatorial stresses and strains of the myocardium. A potential source for difference in the measured and estimated stresses is lack of adequate mechanical coupling between the mounting pins of the force transducer and the myocardium, as well as disruption of the myocardial fibers by insertion of the transducers. This was judged to be minimal in each of the six stress validation studies but does represent a drawback in directly measuring myocardial force. Any available force transducer coupled to the myocardium will inherently alter the forces being measured to a certain degree.32 The observation that the ellipsoidal shell model overestimated latitudinal stress and un-derestimated longitudinal stress (Table 4 and Figure  11 ) suggests that anisotropic differences between latitudinal and longitudinal stress-strain relations ( Figure 6 ) actually may have been underestimated. The decreased correlation between measured and calculated wall stress using data from diastasis instead of the entire cardiac cycle probably resulted from the lesser range of data in diastasis, but inadequacy of the model in fitting diastatic data cannot be excluded (Table 4) .
Eccentricity served as a convenient means of documenting the ventricular shape changes that may result in part from myocardial anisotropy. The linear decrease in chamber eccentricity observed in diastasis, as diastolic volume increased, suggested that the majority of shape change during ventricular filling was occurring in the minor axis diameter. In the present experiments, external minor Axis diameter was observed to increase by 20±6% over the range of filling volumes, whereas major axis diameter only increased by 4+2% (Table 1) , representing an approximate fivefold percentage increase in minor axis diameter compared with major axis diameter. These observations correspond favorably with those of Rushmer33 and Hawthorne,34 who noted similar relations between the minor and major axis diameters during diastolic filling. The shape changes in the left ventricle during the cardiac cycle have been reported previously and are similar to those observed in conscious dog preparations by other investigators. 4 The significant differences observed in the static myocardial stress-strain relations between the directions of the ventricular wall, by definition, reflected anisotropic myocardial elastic properties. This observation may be in part due to the predominance of latitudinally oriented myofibrils in the ventricular wall that preferentially favor diastolic extension in the minor axis circumference. Ross and Streeter35 demonstrated an approximate 10: 1 ratio of latitudinally versus longitudinally oriented fibers throughout the left ventricular wall of macaque monkeys. This ratio reached a peak near the equatorial plane of the dog left ventricle of approximately 26:1 and diminished toward the apex to 8: 1, with an overall average ratio of 10:1 latitudinally versus longitudinally oriented fibers throughout the left ventricle. A similar pattern of fiber orientation was observed in the human left ventricle, with an approximate 9: 1 ratio of latitudinally versus longitudinally oriented fibers at equatorial sites, which decreased to a ratio of 5: 1 at nonequatorial sites. The overall ratio was approximately 8:1.36 The anisotropic effect during diastole due to the predominance of latitudinally oriented myofibrils theoretically could be offset by the rightand left-handed obliquely oriented myofibrils, the random branching of the cardiac fibers, and the relatively uniform connective tissue matrix of the myocardium. These factors would favor some degree of isotropy during diastolic filling and may in part explain why a greater difference was not observed between the latitudinal and longitudinal strain deformations than would have been predicted by the fiber orientation ratios.
Given the anisotropic nature of myocardium as demonstrated in Figure 6 , both anisotropy and left ventricular geometry may contribute to change in ventricular shape during diastolic filling. The fact that application of the ellipsoidal shell model alone accurately predicted the relative ratios of longitudinal, latitudinal, and wall thickness stresses (Equations 13 and 14) suggests that left ventricular geometry alone was the major determinant of relative wall stresses in each of the three orthogonal directions. Because latitudinal stress exceeds longitudinal stress, left ventricular geometry will tend to preferentially increase latitudinal circumference over longitudinal circumference at increasing ventricular volumes, with resultant changes in left ventricular shape (Figure 3 ). On the other hand, the fact that the ellipsoidal shell model overestimated longitudinal strain (E,p) relative to latitudinal strain (E,) (Equations 15 and 16) suggests that, under control end-diastolic conditions, myocardial anisotropy tended to decrease longitudinal strain and increase wall thickness strain relative to latitudinal strain. Therefore, in addition to left ventricular geometry, myocardial anisotropy appeared to be a significant determinant of left ventricular shape during diastolic filling by tending to increase latitudinal circumference excess of longitudinal circumference.
In conclusion, the present study demonstrated a significant degree of myocardial anisotropy in the canine left ventricle. Although differences in left ventricular wall stress in orthogonal directions may be largely attributed to left ventricular geometry, myocardial anisotropy appeared to significantly alter directional wall strain and therefore may be a major factor governing changes in ventricular shape during diastolic filling. Pressure-volume relations alone are inadequate to assess these anisotropic diastolic ventricular properties completely, because they are single global measurements that do not take into account directional variations in myocardial wall properties. A more accurate assessment of diastolic properties of the myocardium is achieved by normalization of ventricular pressure and volume (dimension) relations in terms of directional myocardial stress and strain deformations.
Appendix
Calculation of Concentration and Confidence Ellipses
For the present studies, let S denote the sample covariance matrix of the bivariate data (ai, 83i), i=1,2,... .,N (N=sample size). The diagonal elements of S are the sample variance of a and the sample variance of ,B, namely, sll =(ai-a)2/(N-1) and s22=2E(A31-7)2/(N-1). The off-diagonal elements are the same covariance between a and /3, namely, S12 = S21 =-(ai-a)(Ai-)/(N-1). Under the assumption that the sampling distribution of (a, 13) is bivariate normal, elliptical concentration regions that define the area wherein a specified proportion of the sample is expected to lie can be constructed. Mathematically, this is demonstrated by noting that the exponent of a multivariate normal distribution, when set equal to a positive constant k yields (A1) where, in this application, y= (a, /8) denotes the vector assumed to be bivariate normally distributed, g denotes the mean vector of the distribution, and S denotes the variance-covariance matrix. In general, if the dimension of the vector y is p (p>2), Equation Al specifies the equation of an ellipsoid centered at the mean g. In two dimensions, this is the equation of an ellipse. The orientation of the major, or first principal axis of the ellipse, is specified by direct cosines that are elements of the characteristic vector a1 (where a1 is normalized to have unit length) associated with the largest characteristic root rl of the covariance matrix S. A point y' = (a, /) defined in terms of the (a, /3) coordinates can be expressed as a point x in terms of the coordinate system defined by the two principal axes of the ellipse simply by means of the orthogonal transformation x=A'(y-/)
where the ith column of A, i=1,2, is the normalized characteristic vector ai, corresponding to the ith largest characteristic root ri of S.
(y g)'S-'(y g) = k
The plotting of concentration ellipses can be facilitated by the following relations. Let the matrix L denote a nonsingular square root of S; that is S=L L.
One convenient square root is L=A D\/t, where DV'T is a diagonal matrix with diagonal elements \/7, and VYj, and A is the orthogonal matrix of characteristic vectors previously defined. If we define z=L 1(Y-A) (A3) then z'z = (y-)'S'-(y-g), and hence the probability that a sample point y'= (a, ,B) will fall within the ellipse specified by Equation Al is Pr{(y -,)'S (yg) < k} = Pr{z'z < k} = Pr{X22.'k} (A4) where X22 denotes a x2 distributed variable with two degrees of freedom. The constant k can be chosen from standard tables of the x2 distribution to achieve a specified probability level for the concentration ellipse. For a probability level of 0.95, k=5.99. The surface z'z=Ezi2=k is a circle in the coordinate system of the z variables, and (y-g)'S-l(y-,)=k is an ellipse of concentration in the coordinate system of y'=(a, /). For computing and plotting the points that define the ellipse, let zi represent a point on a circle of radius VAt centered at the origin of the (Z1,z2) coordinate system. One can select m equiangular points Z,Z2,.. .,z on the circle by defining Xi=(i-1)2X/m, i=1,2,. . .,m+1 (A5) Then z1'=(X(/Vcos4i, X\ktsin4i) represents the ith equiangular point on the circle. Corresponding equiangular points on the boundary of the concentration ellipse (y-p)'S-l(y-g)=k are obtained by setting yi=g=Lzi (A6) Computing a reasonable number of such points will define the boundary of the desired ellipse. Because the true mean and covariance matrix are unknown, the calculations have been performed using the sample mean and sample covariance matrix.
A confidence region for the true population mean can be generated in a similar fashion by choosing k according to the relation k= [(N-1)P]/[(N-p)N]F(a*;p,N-p) (A7) where N is the sample size, p is the number of variables in y (which in this case is two), and F(a*;p,N-p) is the 100(a*) percentage point of the F distribution with p and N-p degrees of freedom (available in standard statistical tables), and a* is the desired confidence level (e.g., 0.95). (The quantity a* is not to be confused with the static elastic coefficient a.)
In the present study, a logarithmic transformation of the parameter a was performed to stabilize a and make its variation more comparable among the experiments in the different directions. The quantity In a also was more nearly normally (Gaussian) distributed than a, making the application of the statistical methods more appropriate.
The statistical methods presented above represent a practical approach for graphically assessing differences in diastolic stress-strain relations. This method is generally applicable for comparisons between groups of paired and unpaired multivariate data. A more detailed discussion of this subject is available in Morrison.37 
